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INTRODUCTION 
Polystyrene‐block‐poly(4‐vinyl pyridine) (PS‐b‐
P4VP) stands as an important member of the 
family of amphiphilic diblock copolymers. The 
strong micro‐phase segregation behaviour of 
this class of polymer leads to self‐assembly into 
ordered domains with potentially long‐range 
order and thus this material can be tailored into 
various unique structures suitable for a range of 
different applications.1‐3 Specifically, PS‐b‐P4VP 
can be fabricated into isoporous films with 
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targeted pore size,4 and highly oriented 
nanoporous templates5 through control of 
chemical composition, structure and solvent 
selectivity. However, such phase separation 
occurs on the nanoscale, and does not extend to 
the microscale, which is desirable for the 
fabrication of devices such as filtration 
membranes, catalyst supports, cell culture 
substrates, and super‐hydrophobic surfaces. 
Conventional approaches to the fabrication of 
highly‐ordered porous films with micrometer 
and sub‐micrometer dimensions usually involve 
templating and photolithography,6 which are 
time‐consuming and instrumentation‐
dependent techniques.7  
Recent research has provided a versatile, high 
throughput and cost‐saving alternative to 
achieve ordered porous pattern with 
micrometer or sub‐micrometer dimension 
through the formation of “breath figures”. This 
method was first realized by Widawski et al.8 
through simple drop‐casting of polystyrene (PS) 
or polystyrene‐block‐polyparaphenylene (PS‐b‐
PPP) in CS2 solution under moist air flow. In this 
procedure water droplets condense from the 
humid air into hexagonal arrays due to solvent 
evaporation, and act as templates for the 
polymer to self‐assemble into spherical 
structures. After the complete evaporation of 
solvent and water, pores in a honeycomb array 
remain.9 This method does not require a 
specifically‐designed template or highly 
specialized machinery,10 and is applicable to a 
large range of polymeric materials.11 The 
simplicity of the process, low cost, 
environmental friendliness and versatility, have 
led this method to be applied for many 
applications, such as adhesion‐selective 
membranes,12 cell culture scaffolds,13 micro‐
containers,14,15 biosensors16,17 and micro‐
reactors17 and stimuli‐responsive substance‐
releasing materials.18,19  
The surface morphology of honeycomb‐
patterned films, i.e. the size and regularity of the 
pores, is important for all of the above 
applications. High regularity of pore dimensions 
is important for many applications, while more 
specifically the size of the pores affects the 
volume and surface area involved in interaction 
with target substances.16,17,20 The porosity of the 
surface can potentially endow the films with 
super hydrophobicity, in a manner similar to the 
topography of natural materials.21‐23 In 
biomedical applications, pores of different sizes 
are able to modulate the attachment, spreading 
and differentiation of various types of cells. 
Manabe and colleagues24 have shown that 
honeycomb PS films with pore diameters 
between 3.5 – 11 μm were able to prevent the 
attachment of the gram‐negative bacterium 
Pseudomonas aeruginosa. In the study of 
attachment of eukaryotic cells, Li et al.25 
reported higher affinity of lung cancer A549 cells 
towards crosslinked polystyrene‐b‐
polybutadiene‐b‐polystyrene (SBS) films with 
honeycomb patterns. Moreover, both 
Yamamoto et al.26 and Sunami et al.27 have 
reported site‐selective adsorption of fibronectin 
onto honeycomb‐patterned poly(ε‐
caprolactone) (PCL) films, which could be utilized 
to control the attachment and growth of 
endothelial cells. It appears therefore that 
surface properties can be tuned to vary from 
cell‐adhesive and antibiofouling through control 
of pore size, which is a promising concept 
towards the design of polymeric films in 
biomedical applications. Accordingly, to achieve 
an appropriate pattern that is suitable for 
particular applications, it is necessary to 
investigate the influence of physical and 
chemical parameters on the surface 
morphologies during the manufacture of breath 
figures. 
In this study we systematically investigate the 
influence of different chemical and processing 
parameters on the surface morphology of PS‐b‐
P4VP honeycomb‐patterned films. Specifically, 
PS‐b‐P4VP polymers with different lengths of 
P4VP blocks were first synthesized through 
Reversible Addition‐Fragmentation Chain 
Transfer (RAFT) polymerisation. The dynamic 
breath figures method was employed to 
fabricate honeycomb‐patterned films from 
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these well‐defined polymers. A series of physical 
parameters were carefully adjusted in order to 
systematically investigate the effect on the 
morphology. These include solution 
concentration, flow rate, humidity of the flow 
and the humidity of the casting environment. 
The effect of the length of the hydrophilic P4VP 
block on the formation of honeycomb pattern 
was also examined. All of these parameters 
affect the quality of the pattern, the size of the 
pores and the size distribution. This work 
provides clear direction on the fabrication of PS‐
b‐P4VP honeycomb‐patterned films and more 
broadly contributes a deeper understanding of 
the processes involved in the formation of 
honeycomb patterns.  
 
EXPERIMENTAL 
Materials  
Monomers styrene (St) and 4‐vinyl pyridine 
(4VP) were purchased from Sigma‐Aldrich. 
Inhibitor in the monomer was removed by 
passing through basic alumina columns at least 
twice (basic Al2O3, activated, Sigma). The 
initiator 2,2’‐azobis(2‐methylpropionitrile) 
(AIBN) (in acetone solution) was also provided by 
Sigma‐Aldrich and purified by recrystallisation in 
ethanol before use. The chain transfer agent 
(CTA) 4‐cyano‐4‐
(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic 
acid (CDCTP) was synthesized according to the 
previously reported method.28 Chloroform and 
N,N‐dimethylacetamide (DMAc) in HPLC grade 
were provided by Merck. N,N‐
Dimethylformamide (DMF), tetrahydrofuran 
(THF) and diethyl ether were purified in a 
MBraun Solvent Purification System. Deuterated 
chloroform (CDCl3) for NMR sample preparation 
was supplied by Cambridge Isotope 
Laboratories. 
 
Characterisation of Polymer Structure 
Nuclear Magnetic Resonance (NMR) 
Proton Nuclear Magnetic Resonance spectra (1H 
NMR spectra) were measured on a Bruker 
AVANCE 400 MHz NMR spectrometer, at a 
frequency of 400.13 MHz. Parameters were set 
as follows: number of scans: 64; acquisition time: 
4.085 s; and temperature 300.0 K. All samples 
were prepared by dissolution in CDCl3 and 
referenced to the residual CHCl3 at a chemical 
shift at 7.26 ppm. 
Size Exclusion Chromatography (SEC) 
The molecular weight distributions of the 
samples were measured on a Polymer Labs 
GPC50 system consisting of two PLGel Mixed B 
(7.8×300 mm) SEC columns connected in series. 
HPLC‐grade DMAc with 0.03 wt.% LiCl was used 
as the eluent at a flow rate of 1.0 mL/min. The 
injection amount of samples was set at 100 μL 
and run time to 30 min at a constant 
temperature of 50 °C. 
All SEC samples were prepared with a 
concentration of around 2 mg/mL and filtered 
through 0.45 μm filters. 
Differential Scanning Calorimetry (DSC) 
The glass‐transition temperatures (Tg) of the 
polymers were measured on a Mettler Toledo 
DSC (DCS 1, STARe System). Samples were 
prepared by weighing about 5 mg of each 
polymer in a standard 40 μL aluminium pan. The 
heating rate was set at 10 °C/min and two cycles 
of scanning from 0 °C to 200 °C were performed 
under nitrogen atmosphere with a flow rate of 
15 mL/min. All scans reported here were 
measured on the second heating run. 
 
Characterisation of the Films 
Scanning Electron Microscopy (SEM) 
A JEOL JSM‐6460LA Scanning Electron 
Microscope (SEM) was used to observe the 
morphology of the PS‐b‐P4VP honeycomb films 
with the acceleration voltage set at 3.0 kV. All 
samples were coated with a 10 nm layer of 
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iridium. The size of the pores was measured by 
using the software Image J. 
Atomic Force Microscopy (AFM) 
AFM measurements were performed on a stand‐
alone Cypher S AFM instrument (Asylum 
Research) using the tapping mode in air. The 
AFM was mounted on an anti‐vibration table and 
operated within an acoustic isolation enclosure 
(TMC). Etalon HA‐NC cantilevers (resonant 
frequency 235 kHz, force constant 12 N/m, and 
radius of curvature less than 10 nm) were 
employed in the measurements. Films were 
scanned at 256 points per line at 1.0 Hz for 
height data. 
 
Methods of Synthesis and Fabrication  
Synthesis of PS Macro Chain Transfer Agent 
(CTA) 
The PS macro RAFT agent was synthesized 
through thermal bulk RAFT polymerisation. 
Styrene (30.00 mL, 0.261 mol) and the chain 
transfer agent (CTA) 4‐cyano‐4‐
(dodecylsulfanylthiocarbonyl) sulfanyl pentanoic 
acid (CDCTP) (87.7 mg, 0.217 mmol) were added 
into a 50 mL round‐bottom flask with a magnetic 
stirrer bar, thoroughly mixed, and sealed with a 
Suba seal. The solution was purged with argon in 
an ice bath for 40 min before being immersed in 
an oil bath thermostated at 110 °C. The reaction 
was stopped at 6 h by quenching in an ice bath 
and exposing the solution to air. The PS macro‐
CTA was purified and collected by precipitating 
the polymer twice into methanol at room 
temperature and dried in vacuum overnight. The 
polymer was acquired in the form of a fine 
powder with a pale yellow colour. Conversion: 
24.4%. SEC: Mn = 29200. Molar mass dispersity: 
Ð = 1.28. 1H NMR: DPn = 297, Mn = 30900. 
Synthesis of PS-b-P4VP Block Copolymers 
Chain extension of PS macro‐CTA with 4VP was 
conducted with [PS macro‐CTA]: [AIBN] = 4:1 in 
DMF at 80 °C. Chain lengths of the 4VP blocks 
were controlled using different ratios of 4VP to 
PS macro‐CTA. In a typical reaction for the 
synthesis of PS297‐b‐P4VP111, 4VP (1.067 mL, 
0.0100 mol), PS macro‐CTA (1.5024 g, 0.05 
mmol) and AIBN (2.048 mg, 0.0125 mmol) were 
dissolved in DMF (4 mL) in a 25 mL round‐bottom 
flask equipped with a magnetic stirrer bar. The 
solution was purged with argon for 30 min in an 
ice bath and reacted in an oil bath thermostated 
at 80 °C for 24 h. A change of colour from yellow 
to orange was observed after 1 h of reaction and 
from orange to red after 24 h. The solution was 
first precipitated from DMF into cold diethyl 
ether and then from chloroform into cold diethyl 
ether. Then final product was dried in a vacuum 
oven overnight.  
Fabrication of Honeycomb-Patterned Films 
A dynamic (polymer solution swept by a humid 
air flow) breath figures method was employed to 
fabricate honeycomb‐patterned films. A 
schematic of the home‐built film casting system 
used in this study is shown in Figure S1. Humid 
air of different humidity was prepared by 
bubbling dry nitrogen through Milli‐Q water or a 
saturated salt solution in a humidifier (Figure 
S1b). To avoid over saturation of the air with 
water, a buffer bottle was connected after the 
humidifier to condense excess water. The 
humidity of the nitrogen flow was measured by 
a thermo‐hygrometer (as RH‐F). The flow was 
fed into an inverted funnel which was fixed 5 mm 
above the glass cover slip for film casting in a 
casting box (Figure S1a). The values of the 
humidity of the air flow (RH‐F) are listed in Table 
S1. The relative humidity in the casting box, or 
the relative humidity of the environment (RH‐E), 
was controlled by mixing dry nitrogen with the 
humid air flow until a certain humidity was 
attained (Figure S1c). The flow rates of both the 
humid and dry air flows were monitored and 
adjusted with flow meters (Cole‐Parmer).  
In a typical experiment, the humid air flow was 
maintained for at least 1 h until the value of RH‐
F remained constant. Glass coverslips (1.8 cm × 
1.8 cm) were cleaned by sonication in acetone 
for 10 min, blown dry with nitrogen and placed 
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in the casting box. A volume of 80 μL of the 
polymer solution in chloroform was then 
injected on the cover slip using a pipette and 
evenly spread to cover the substrate before 
being positioned under the funnel of humid air 
flow. The film was collected after total deposit of 
the polymer and further dried in air at room 
temperature overnight. The casting conditions 
are listed in Table S1. 
 
RESULTS AND DISCUSSION 
The breath figures method allows the 
preparation of honeycomb‐patterned films from 
a variety of polymers with ease. Empirically it has 
been shown that amphiphilic block copolymers, 
especially those with polystyrene blocks, can be 
processed to have ordered hexagonal arrays of 
pores. In this study, a series of PS‐b‐P4VP block 
copolymers with different lengths of P4VP blocks 
have been synthesized for the preparation of 
honeycomb‐patterned films. 
 
Synthesis of Block Polymers 
The procedure used for the synthesis of PS‐b‐
P4VP is shown in Scheme 1. RAFT polymerisation 
is a versatile method for the production of 
polymers with well‐tailored structures.28 The 
details of all block copolymers and PS macro‐CTA 
are summarized in Table 1. 
The polystyrene (PS) macro‐CTA was synthesized 
through thermal bulk RAFT polymerisation at 
110 °C, with CDCTP as the RAFT agent, to keep 
the reaction well controlled and a significantly 
elevated reaction rate without the need for an 
initiator.29 The reaction was quenched at a 
conversion less than 30% to avoid high viscosity, 
which would result in heat accumulation, loss of 
control over polymerisation and high molar mass 
dispersities. The chain extension of PS macro‐
CTA with 4VP in our study was conducted using 
a relatively high ratio of [AIBN]: [PS macro‐CTA] 
= 1: 4 and high feed ratio of [4VP]: [PS macro‐
CTA] in order to overcome the low conversion of 
chain extension.30  
 
 
SCHEME 1: Schematic of the synthesis of PS‐b‐
P4VP block copolymers. 
 
The 1H NMR spectra of the PS macro‐CTA and the 
series of PS‐b‐P4VP are presented in Figure 4, 
with the peaks assigned to the protons on the 
chemical structure of the polymers. Figure 4a 
shows typical spectra of PS macro‐CTA. The 
peaks at 1.2 – 1.6 ppm and the peaks at 1.6 – 2.3 
ppm respectively are due to the protons at 
position A and B on the backbone of the 
polymer. Two separated peaks at 6.0 – 7.5 ppm 
belong to the protons on the benzene ring. The 
1H NMR spectra of the block copolymers after 
chain extension are shown in Figures 4b – 4d. 
New peaks at 8.0 – 8.7 ppm were found in the 
spectra of all block copolymers, due to the two 
protons closer to the nitrogen on the aromatic 
ring (position E), while the peaks for protons A, B 
and C1 on P4VP overlap those of PS. The chain 
length of the P4VP block can be calculated by 
comparing the integrated intensity of peak E 
with that of the aromatic protons of PS. In 
addition, the peak due to water, usually at 
around 1.56 ppm in CDCl3 moves towards higher 
chemical shifts. Gottlieb31 has pointed out that 
the presence of hydrogen bond acceptors (i.e. 
tertiary amine groups on P4VP) tends to shift the 
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water signal towards low magnetic field, 
especially in nonpolar solvents. 
The SEC and DSC traces for the polymers are 
respectively shown in Figures S2 and S3 in the 
supporting information. 
 
TABLE 1: Properties of the PS‐b‐P4VP block copolymers prepared in this work. 
Polymer [M]: [CTA]a Conversion 
(%) 
Mn (1H NMR) Mn (SEC) Ð 
PS297 1200: 1 24.4 30,900 29,200 1.28 
PS297‐b‐P4VP111 200: 1 53.8 42,600 31,500 1.39 
PS297‐b‐P4VP181 600: 1 31.0 50,000 38,200 1.36 
PS297‐b‐P4VP334 900: 1 34.0 66,100 47,500 1.40 
aThe [M]: [CTA] refers to [St]: [CDCTP] in the synthesis of PS macro‐CTA with no initiator used, while for 
the block copolymers, [M]: [CTA] refers to [4VP]: [PS macro‐CTA], with [PS macro‐CAT]: [AIBN] = 4:1. 
 
FIGURE 1: 1H NMR spectra of PS macro‐CTA and PS‐b‐P4VP block copolymers using CDCl3 as solvent. The 
peaks are assigned to the protons in the molecular structures. a. The spectrum of PS macro‐CTA; b, c and 
d respectively show the spectra of PS297‐b‐P4VP111, PS297‐b‐P4VP181 and PS297‐b‐P4VP334; e. Enlargement of 
spectrum d from 6 – 9 ppm. The peak D is used to normalize the spectra because its intensity remains 
constant after the chain extension. The peaks from residual water are also marked. 
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Formation of Honeycomb Patterns on a PS-b-
P4VP Film 
The solvent used in the breath figures method 
should possess a high vapour pressure, low 
boiling point, low solubility in water and 
preferentially higher density than water.32 
Carbon disulphide (CS2) and chloroform (CHCl3) 
are two of the most frequently used solvents for 
the fabrication of honeycomb films.11 Due to the 
lipophobic property of the long P4VP block,33 PS‐
b‐P4VP can only be dissolved in N,N‐dimethyl 
formamide (DMF), N,N‐dimethyl acetamide 
(DMAc) or chloroform. Hence chloroform was 
chosen as the solvent for the casting of PS‐b‐
P4VP honeycomb‐patterned films. Similar to 
other amphiphilic block copolymers, such as 
polystyrene‐block‐poly (N,N‐
dimethylacrylamide)34 and polystyrene‐block‐
poly (acrylic acid)16, P4VP enhances the 
amphiphilicity of the block copolymer to 
facilitate the stabilisation of water droplets and 
the formation of honeycomb patterns. Although 
not able to dissolve in water due to its lipophobic 
property, P4VP segments act as hydrogen bond 
acceptors and can undergo hydrogen bonding 
with water molecules to stabilize the droplets (as 
depicted in Scheme 2).  
 
 
SCHEME 2: Schematic illustration of the 
stabilisation of a water droplet at the air‐solution 
interface. Hydrogen bonding to P4VP promotes 
the formation of honeycomb patterns. 
 
Figure 2a shows the SEM image of the film cast 
from a 30 mg/mL chloroform solution of PS297‐b‐
P4VP111 under a 1.0 L/min air flow of 90% relative 
humidity where the humidity of the casting 
environment was kept at 50%. Hexagonal arrays 
of pores are clearly observed on the surface of 
the film. A second layer or pores can be seen 
below the surface array, indicating the formation 
of a multiple‐layer structure. According to the 
mechanism proposed by Srinivasarao et al.35 and 
Maruyama et al.,36 after a batch of water 
droplets forms a close‐packed array, the droplets 
sink into the solution and a new batch of 
droplets form a honeycomb pattern at the air 
interface. Bolognesi and colleagues37 proposed 
that the interfacial energy between the water 
droplets and the solvent dictates the formation 
of multiple‐layer structures:  
𝑧𝑧0 = 𝑧𝑧/𝑅𝑅 = (𝛾𝛾𝑤𝑤  −  𝛾𝛾𝑤𝑤/𝑠𝑠)/𝛾𝛾𝑠𝑠  (1) 
Here 𝑧𝑧 is the distance between the centre of the 
droplet and the air/solution interface; 𝑅𝑅  is the 
radius of the droplet; 𝛾𝛾𝑤𝑤 , 𝛾𝛾𝑠𝑠 , and 𝛾𝛾𝑤𝑤/𝑠𝑠  are the 
surface tension of water, surface tension of 
solvent and the interfacial tension between 
water and solvent, respectively. The effect of 𝑧𝑧0 
on the final structure of the film is described in 
Table 2.  
In our study chloroform was used as the solvent, 
and therefore 𝛾𝛾𝑠𝑠 = 27.1 mN/m and 𝛾𝛾𝑤𝑤/𝑠𝑠 = 32.8 mN/m , leading to 𝑧𝑧0 =  1.48 , indicating 
that a multiple‐layer structure is expected to be 
formed, consistent with our observations. 
Further topographical information was obtained 
through AFM measurements. The AFM height 
image displays a regular array of pores on the 
film (Figure 2b). The 3D map and intersection 
profile show a pore diameter of around 0.8 μm 
(point a to b) and a spacing ~ 0.5 μm (point b to 
c).  
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TABLE 2: The relationship between the interfacial energy and the resultant structure of the honeycomb 
patterned films. 
𝒛𝒛𝟎𝟎 Film Structure Rationale 
−𝟏𝟏 < 𝒛𝒛𝟎𝟎 < 𝟏𝟏 Monolayer Droplets float between the air and 
solution interface 
𝒛𝒛𝟎𝟎 > 𝟏𝟏 Multiple layer Droplets sink into the solution 
𝒛𝒛𝟎𝟎 < −𝟏𝟏 No pattern Droplets cannot remain at the interface 
 
 
FIGURE 2: PS297‐b‐P4VP111 film made under the conditions of concentration: 30 mg/mL in chloroform, flow 
rate: 1.0 L/min, RH‐F: 90% and RH‐E: 50%. a. SEM image, the white arrow highlights the underlying 
honeycomb layer; b. AFM height image, with the 3‐dimensional map and intersectional curve.
Influences of Physical Parameters on Surface 
Morphology 
Maruyama et al.36 proposed a model to describe 
the formation of honeycomb patterns based on 
their study of a series of polyion complexes in 
chloroform. They propose a mechanism 
consisting of the following steps (Scheme 3):  
(1) Water droplets initially condense on the 
surface of the polymer solution due to the 
cooling resulting from solvent evaporation; 
(2) The water droplets are stabilized and grow 
through the deposition of polymer chains 
around the droplet; 
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(3) The water droplets sink into the solution and 
are transferred from the centre of the 
solution towards the interface of substrate, 
polymer solution and air into a close‐packed 
(hexagonal) array through convection; 
Steps (1) through (3) are repeated till total loss 
of the solvent and subsequently water has 
occurred.36  
 
 
SCHEME 3: Schematic illustration of the cross 
sectional view during honeycomb film 
formation.36 Adapted from [ref. 36], with 
permission from [Elsevier].  
 
An analysis of the forces exerted on the droplets 
reveals that when water droplets condense and 
are encapsulated by polymer chains on the 
surface of the solution, two opposing forces are 
exerted.38 A restraining force, supporting and 
stabilising the droplets, arises mainly from the 
buoyancy resulting from the viscosity of the 
solution. The force driving the droplets 
downward into the solution is the combination 
of gravitational forces and the thermo‐capillary 
force (or Marangoni convection force) due to the 
change in surface tension induced by the 
temperature gradient resulting from 
evaporation. A balance between the two forces 
is critical for the formation of honeycomb 
patterns. If the driving force is dominant, the 
water droplets sink into the solution and move 
with high mobility towards the interface of 
substrate, polymer solution and air , as 
confirmed by Kuo and colleagues in their study 
of the formation of PS honeycomb films using 
optical microscopy.39 On the other hand if there 
is insufficient driving force, the water droplets 
will float on the surface of the solution until they 
have grown sufficiently so as to overcome the 
resistance to sinking. In addition, a final factor, 
the time for the total loss of solvent, determines 
the duration and termination of the whole 
patterning process. Therefore, in this current 
study we have adjusted four sets of physical 
parameters, namely, solution concentration, 
flow rate, humidity of air flow and humidity in 
the environment, to examine their effect on the 
patterning process. 
Effect of Solution Concentration  
A range of films were prepared from six different 
concentrations of PS297‐b‐P4VP111 solution in 
chloroform, and the SEM images displaying the 
surface morphology are shown in Figure 3. The 
pore sizes and distribution of pore sizes (as 
reflected by the size of the error bars) are 
depicted in the graph beneath. The regularity of 
the patterns was worst for the films prepared 
from both the most dilute and most 
concentrated solutions. Under those conditions 
only a small proportion of the pores were 
arranged in a hexagonal matrix and a certain 
degree of coalescence of the pores was 
observed. In addition, in the films prepared using 
solution concentrations of 70 and 90 mg/mL 
some of the pores were “closed”. A bell‐shaped 
trend in pore size was observed in contrast to the 
previously reported inverse correlation with 
concentration.40 The smallest pores were 
attained both at the highest and lowest 
concentrations. As the concentration was 
adjusted to 10, 30 and 50 mg/mL, increases in 
both pore size and regularity were observed, 
with a slight increment in pore size from 10 – 50 
mg/mL. 
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FIGURE 3: a. SEM images of PS297‐b‐P4VP111 
honeycomb surface morphologies formed from 
polymer solutions of different concentration, 
with flow rate kept at 1.0 L/min, RH‐F 90% and 
RH‐E 50%; b. Pore size and one standard 
deviation in size as a function of solution 
concentration. 
 
The viscosity of the solution is of course related 
to the concentration of the polymer. At low 
viscosity, in our case 5 mg/mL, the amount of 
polymer present in the solution was insufficient 
to encapsulate and stabilize large water droplets 
and led to their coalescence.11 Thus even though 
evaporation and convection were vigorous, the 
pores formed within the PS‐b‐P4VP films at low 
concentration were small and disordered. On 
the other hand, for highly concentrated 
solutions, the viscosity was too high to allow 
continuous convection of the water droplets into 
ordered arrays.41 Also the solvent has a lower 
vapour pressure in more concentrated solutions, 
reducing the rate of evaporation and the 
gradient in temperature significantly.42 A similar 
explanation was proposed in the model 
developed by Battenbo et al.,43 who showed that 
the perturbation of the diffusion process in 
concentrated solution caused deviation from a 
linear reduction in temperature. Since the rate of 
growth of water droplets and the surface tension 
essential for convection are positively related 
with the reduction in temperature, both are 
reduced in concentrated solution.44 Our 
observations are in agreement with the 
proposals made by Peng et al.45 when they 
compared the patterns formed by three types of 
PS with different molecular weights. Only PS 
with moderate molecular weight (and hence 
viscosity) could form regular arrays of pores. It is 
not unexpected therefore that concentrations of 
PS‐b‐P4VP solution in the middle of the range 
examined, from 10 – 50 mg/mL, were optimal for 
the formation of ordered pattern. It is noted that 
in the films prepared from concentrated solution 
there was a significant number of “closed” pores 
present. These “closed” pores are formed when 
the solvent evaporated completely before the 
sinking of the water droplets.  
Effect of Flow Rate 
The effect of air flow rate on the formation of 
honeycomb patterns was examined, and in these 
experiments the solution concentration and 
humidity of both the air flow and the 
environment were kept constant. Figure 4 shows 
the surface morphology of the films formed with 
different air flow rates at constant humidity. An 
overall reduction in the pore size was observed 
as the flow rate was increased. As for the 
regularity of the patterns, samples made under 
flow rates of 1.0 L/min and 4.0 L/min are more 
highly ordered, while the pores formed with a 
flow rate of 0.4 L/min were not well ordered. The 
least regular patterns were observed with a flow 
rate of 2.0 L/min sample, in which evidence for 
extensive coalescence of water droplets can be 
seen in the SEM image. 
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FIGURE 4: a. SEM images of PS297‐b‐P4VP111 
honeycomb surface morphologies for using 
different air flow rates, with concentration kept 
at 50 mg/mL, RH‐F 90% and RH‐E 50%; b. Pore 
size and one standard deviation in size as a 
function of flow rate. 
 
As pointed out by Battenbo and colleagues43 in 
their model of breath figures patterning, the 
flow rate not only controls the evaporation of 
temperature, but also the gradient of 
temperature between the surface and the 
substrate. As the near‐linear evaporation of 
solvent continued, a sudden decrease in 
temperature was shown to occur during the 
initial 4 – 5 seconds, followed by a state of 
constant minimum temperature before 
returning back to the ambient temperature. The 
duration and the value of minimum temperature 
are crucial to the convection and condensation. 
The change in temperature gradient affects the 
viscosity of the solution and convection process, 
due to differences in rate of loss of solvent. A low 
flow rate limits the evaporation rate, which 
induces a gentler temperature gradient but with 
a longer duration. Under these conditions a 
longer time was available for the growth of large 
water droplets with sufficient stabilisation from 
solution viscosity, but the rate of transfer and 
packing of the droplets are slow. This leads to the 
complete evaporation of solvent before 
thorough convection of the water droplets, 
leaving large, disordered pores, as was observed 
in the film under 0.4 L/min flow. However, when 
the flow rate increased to 1.0 L/min, the rate of 
convection matched the growth of the water 
droplets resulting in ordered arrays of patterns. 
As the flow rate further increases, the 
convection was favoured at the initial stages 
driven by the evaporation due to a larger 
temperature gradient between the solution 
surface and the bulk, but the fast change in 
viscosity and significantly shorter duration 
prevented further the process of transfer and 
packing of the droplets.11 Under these 
circumstances, small water droplets were 
nucleated to allow the convection at the initial 
stage before reaching high viscosity, as is 
indicated from the pattern on the 4.0 L/min 
sample. As for the 2.0 L/min sample, larger pores 
were obtained compared to 4.0 L/min due to the 
longer time available for the growth of water 
droplets, but the rapid viscosity increment and 
short duration of evaporation hindered the 
thorough convection of the droplets.  
Effect of Relative Humidity of the Air Flow 
The relative humidity of the air flow (RH‐F) was 
adjusted by passing the air through saturated 
aqueous solutions of different salts. The values 
of humidity under the stable atmosphere and 
the humidity in the air flow are listed in Table S2.  
The relative humidity of the air flow is important 
as it controls the amount of moisture that 
condenses and forms the droplet templates. The 
film formed under a flow of only 40% humidity 
was totally transparent to the eye. SEM images 
of this film show only shallow dents formed on 
the surface. When the humidity was increased to 
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52%, a small translucent area appeared and in 
this area randomly distributed small pores were 
observed. Following further increases in the 
humidity, the translucent/opaque area became 
enlarged and ordered hexagonal arrays of pores 
appeared. The diameter of the pores as well as 
the order of the pattern can be seen to increase 
for the films made under an air flow humidity of 
59% and 74% and further towards a value of RH‐
F equal to 89% (Figure 5), in agreement with 
previous observations.10,46,47 
It can be concluded that a threshold level of 
moisture is required for the formation of 
ordered patterns, within the range of 45% to 
50%, in line with previous reports.48 Numerical 
analysis has shown that the threshold humidity 
or the cut‐off of condensation is related to the 
saturation of the vapour as the temperature 
decreases,43 which is correlated with the 
convection and the growth of water droplets. 
Since in our experiments the rate of convection 
was fixed by keeping both concentration and 
flow rate constant, only when water droplets 
grow to a certain size could they enter the flow 
of convection. Thus a higher humidity allows 
faster growth of water droplets and transfer of 
water droplets before the complete evaporation 
of solvent. The change in order from RH‐F = 59% 
to 74% clearly illustrates this point (Figure 5).  
 
 
FIGURE 5: a. SEM images of PS297‐b‐P4VP111 
honeycomb surface morphologies at different 
humidity of air flow (RH‐F), with concentration 
kept at 50 mg/mL, flow rate 1.0 L/min and RH‐E 
50%; b. Pore size and one standard deviation in 
size as a function of RH‐F. 
 
Effect of Relative Humidity of the Environment 
In several previous reports of the formation of 
honeycomb films using the dynamic method of 
breath figures,18,30 two values of humidity were 
adjusted, i.e. the humidity of the air flow and the 
casting environmental humidity (RH‐E) in the 
casting box. However, apart from statements 
that a possible excessive condensation could be 
induced by a relatively high RH‐E, its actual effect 
has rarely been discussed. Therefore here we 
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have examined the effect of variation of RH‐E on 
pattern formation.  
In the initial experiments the casting 
environmental humidity (RH‐E) was varied from 
30% to 70%, while the humidity of the air flow 
(RH‐F) was kept at 89% and the flow rate at 1.0 
L/min. No obvious effect on pattern quality 
would be observed on varying RH‐E, and the 
pore sizes were also comparable (results not 
shown). When RH‐F was increased to above 89%, 
the air flow acted as the main supply of moisture 
for the formation of the honeycomb patterns. 
These are conditions used in most previous 
reports. No obvious influence could be observed 
by varying RH‐E, meaning the effect of 
environmental humidity was insignificant 
compared with the high moisture load of the air 
flow (RH‐F).  
In contrast to this, when the major supply of 
humidity RH‐F was reduced significantly to 52%, 
the flow was not able to provide sufficient 
moisture for condensation. Clear differences in 
the surface morphology were observed when 
RH‐E was 50% or 70% (Figure 6). At 52% RH‐F, no 
ordered pattern was formed when RH‐E was at 
50% or lower, but when the RH‐E reached 70%, 
formation of ordered honeycomb patterns was 
achieved. In this latter case the humidity of the 
environment acted as a supplementary source of 
moisture for the successful formation of the 
honeycomb patterns, confirming the existence 
of a threshold for their formation.  
 
 
FIGURE 6: SEM images of films of PS297‐b‐P4VP111 
made under different RH‐E when the RH‐F is low 
at 52%. Left: RH‐E = 50%, disordered pores; right: 
RH‐E = 70%, honeycomb pattern. Other 
conditions are concentration: 50 mg/mL, flow 
rate: 1.0 L/min and RH‐F: 90%. 
 
Summary of the Influence of Physical 
Parameters on Formation of Honeycomb Films 
In summary, the above parameters determine 
important physical factors for honeycomb 
pattern formation, namely, solution viscosity, 
Marangoni convection, the growth of droplets 
and the total loss of the solvent. The first three 
factors are key to the adjustment of pore size 
and order of the honeycomb patterns. The last 
factor, the complete evaporation of solvent, 
determines the end point of the process, which 
is subsequent to the packing of the droplets into 
highly ordered honeycomb pattern. The 
influences of the above physical parameters are 
summarized in Table 3. 
In addition to the key parameters such as 
concentration, flow rate and humidity, the 
effects of other parameters on the surface 
morphology, including molecular weight,45 
temperature,49 solvent selection,50 substrate 
choice,50 have been reported in previous studies.  
The molecular weight of the polymer influences 
the viscosity of the solution, and thus rate of 
convection. Peng et al.45 have demonstrated the 
different behaviour of water droplets formed in 
solutions of PS with varying molecular weight. 
Excessive molecular weight of PS prevented the 
sinking of the droplets, which indicates the 
hindrance to convection at high viscosity. 
Gao et al.49 investigated the effect of 
atmospheric temperature on the formation of 
honeycomb films using poly(methyl 
methacrylate)‐block‐poly(perfluoroalkyl ethyl 
acrylate) (PMMA‐b‐PFAEA). An increasing 
temperature was found to reduce the size of the 
pores due to shorter time for the growth of 
water droplets before the total loss of solvent. 
On the other hand, the mobility of polymer 
chains was enhanced as the Marangoni 
convection was facilitated at higher temperature 
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with lower viscosity. Thus the regularity was 
higher at 50 °C compared to that of 30 °C. 
Ferrari and colleagues50 have reported the effect 
of solvent on the formation of honeycomb film 
from linear PS. A series of solvents were 
examined, and three properties of the solvents 
were confirmed to be related to the formation of 
patterns. The first is the volatility of the solvent, 
a prerequisite for the formation of honeycomb 
pattern. The use of slowly‐evaporating solvent 
such as toluene could not lead to formation of 
hexagonal patterns due to insufficient cooling 
unless a very high air flow rate was used. The 
second is the interfacial tension of the solvent 
with water. It was found in their study that all 
solvents except toluene (as explained above) 
with high interfacial tension with water could be 
used in the breath figures method. The third is 
the solubility, for which a parameter Relative 
Energy Difference (RED) between PS and the 
solvents used was calculated based on Hansen 
solubility parameters. Only solvents with RED 
higher than 1 could form ordered honeycomb 
patterns. 
In the same work the properties of the substrate 
were shown to have a large effect on the order 
and pore size of the honeycomb films.50 Even 
though no quantitative correlation between 
substrate and patterning was demonstrated, a 
qualitative model was suggested after 
comparison of pattern formation on a series of 
substrates. It was suggested that the 
hydrophilicity of the substrate enhances the 
nucleation of droplets while a high wettability 
towards the solvent helps convection to transfer 
and pack the water nuclei. A further important 
factor was examined out by Battenbo and co‐
authors.43 The thermal insulating behaviour of 
the substrate was found in simulations to be 
important in determining the gradient of 
temperature, as a larger gradient and 
condensate mass appeared for thicker and more 
insulating glass substrates. 
 
TABLE 3: Summary of the effects of different casting conditions on formation of honeycomb patterns. 
Factor Related Physical Parameters Description of Effect  
Solution viscosity − Concentration 
− Flow rate 
− Influences the rate of convection 
of water droplets 
− Assists to stabilize water droplets 
− Determines growth time of 
droplets 
Marangoni 
convection 
− Concentration  
− Flow rate 
− Humidity (RH‐F and RH‐E) 
− Influences transfer and packing of 
water droplets 
Growth of water 
droplets 
(condensation) 
− Concentration 
(evaporation) 
− Air flow rate 
− Humidity (RH‐F and RH‐E) 
− Determines the size of water 
droplets entering convective flow 
Time of total loss 
of solvent 
− Concentration 
− Flow rate 
− Terminates the patterning 
process 
 
Effect of Chemical Parameters – the Length of 
Hydrophilic P4VP Block 
The effect of the length of the P4VP block on the 
formation of honeycomb patterns was 
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examined. In these experiments all physical 
conditions were kept constant. The solution 
concentration was 50 mg/mL, RH‐F = 89% and 
the flow rate 1.0 L/min. As can be seen in Figure 
7, the size of the pores in all films prepared from 
the PS‐b‐P4VP block copolymers were 
significantly lower than the films prepared the 
homopolymer PS. P4VP blocks are more 
hydrophilic compared to PS segments due to 
their ability to form hydrogen bonding with 
water molecules. Thus compared to pure PS 
segments, amphiphilic PS‐b‐P4VP can reduce the 
surface tension of the solution, resulting in 
smaller water droplets.  
For amphiphilic block copolymers, it was 
expected that the films of amphiphilic polymers 
with longer hydrophilic blocks would have larger 
pores, as longer hydrophilic segments will 
interact more strongly with water 
condensates.9,10 However, no obvious influence 
was observed on the size of the pores. This is 
possibly due to the insolubility of P4VP in water, 
but excessive attraction of water caused the 
coalescence of water droplets, impeding the 
order of the pattern (Figure 7). A reduction of 
moisture obviously improved the quality of the 
pattern. When the humidity of the air flow was 
reduced to 59%, hexagonally patterned pores 
were observed (Figure 8). Hence a reduction of 
moisture supply is necessary to form ordered 
patterns from solutions of block copolymers with 
long hydrophilic or polar blocks. 
 
FIGURE 7: a. SEM images of PS‐b‐P4VP 
honeycomb films fabricated from polymers of 
different lengths of P4VP, with concentration 
kept at 50 mg/mL, flow rate 1.0 L/min, RH‐F 90% 
and RH‐E 50%; b. Table to summarise the pore 
size and the regularity of honeycomb films made 
of PS‐b‐P4VP with different lengths of P4VP. 
 
 
FIGURE 8: SEM images of films of PS297‐b‐P4VP334 
made under different RH‐F. Left: RH‐F = 89%, 
disordered pores; right: RH‐F = 59%, honeycomb 
pattern. Other conditions are concentration: 50 
mg/mL, flow rate: 1.0 L/min and RH‐E: 50%. 
 
 
 
CONCLUSIONS 
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We have shown in this paper that the dynamic 
breath figures method is a simple and high 
throughput method of introducing honeycomb 
pattern on films of PS‐b‐P4VP in micro and sub‐
micro scales. The morphology of the films was 
studied and the appearance of specific 
topographic profiles and the change of the pore 
size provided insights on the mechanism of the 
formation of honeycomb pattern. Through 
careful adjustment of several physical and 
chemical parameters, a series of surface 
morphologies were obtained and compared. A 
delicate selection of parameters is essential to 
balance the key factors for formation of high 
quality honeycomb structures and achieving 
highly regular morphology. It is expected that 
with more delicate manipulation of breath 
figures and a deeper understanding of the 
mechanism of honeycomb film formation, the 
application of the promising material PS‐b‐P4VP 
can be promoted and broadened. 
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FIGURE and TABLE CAPTIONS: 
 
TABLE 1: Properties of the PS‐b‐P4VP block copolymers prepared in this work. 
 
 
FIGURE 1: 1H NMR spectra of PS macro‐CTA and PS‐b‐P4VP block copolymers using CDCl3 as solvent. The 
peaks are assigned to the protons in the molecular structures. a. The spectrum of PS macro‐CTA; b, c and 
d respectively show the spectra of PS297‐b‐P4VP111, PS297‐b‐P4VP181 and PS297‐b‐P4VP334; e. Enlargement of 
spectrum d from 6 – 9 ppm. The peak D is used to normalize the spectra because its intensity remains 
constant after the chain extension. The peaks from residual water are also marked. 
 
 
SCHEME 2: Schematic illustration of the stabilisation of a water droplet at the air‐solution interface. 
Hydrogen bonding to P4VP promotes the formation of honeycomb patterns. 
 
 
TABLE 2: The relationship between the interfacial energy and the resultant structure of the honeycomb 
patterned films. 
 
 
FIGURE 2: PS297‐b‐P4VP111 film made under the conditions of concentration: 30 mg/mL in chloroform, flow 
rate: 1.0 L/min, RH‐F: 90% and RH‐E: 50%. a. SEM image, the white arrow highlights the underlying 
honeycomb layer; b. AFM height image, with the 3‐dimensional map and intersectional curve. 
 
 
SCHEME 3: Schematic illustration of the cross sectional view during honeycomb film formation.36 Adapted 
from [ref. 36], with permission from [Elsevier].  
 
 
FIGURE 3: a. SEM images of PS297‐b‐P4VP111 honeycomb surface morphologies formed from polymer 
solutions of different concentration, with flow rate kept at 1.0 L/min, RH‐F 90% and RH‐E 50%; b. Pore 
size and one standard deviation in size as a function of solution concentration. 
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FIGURE 4: a. SEM images of PS297‐b‐P4VP111 honeycomb surface morphologies for using different air flow 
rates, with concentration kept at 50 mg/mL, RH‐F 90% and RH‐E 50%; b. Pore size and one standard 
deviation in size as a function of flow rate. 
 
 
FIGURE 5: a. SEM images of PS297‐b‐P4VP111 honeycomb surface morphologies at different humidity of air 
flow (RH‐F), with concentration kept at 50 mg/mL, flow rate 1.0 L/min and RH‐E 50%; b. Pore size and one 
standard deviation in size as a function of RH‐F. 
 
 
FIGURE 6: SEM images of films of PS297‐b‐P4VP111 made under different RH‐E when the RH‐F is low at 52%. 
Left: RH‐E = 50%, disordered pores; right: RH‐E = 70%, honeycomb pattern. Other conditions are 
concentration: 50 mg/mL, flow rate: 1.0 L/min and RH‐F: 90%. 
 
 
TABLE 3: Summary of the effects of different casting conditions on formation of honeycomb patterns. 
 
 
FIGURE 7: a. SEM images of PS‐b‐P4VP honeycomb films fabricated from polymers of different lengths of 
P4VP, with concentration kept at 50 mg/mL, flow rate 1.0 L/min, RH‐F 90% and RH‐E 50%; b. Table to 
summarise the pore size and the regularity of honeycomb films made of PS‐b‐P4VP with different lengths 
of P4VP. 
 
 
FIGURE 8: SEM images of films of PS297‐b‐P4VP334 made under different RH‐F. Left: RH‐F = 89%, disordered 
pores; right: RH‐F = 59%, honeycomb pattern. Other conditions are concentration: 50 mg/mL, flow rate: 
1.0 L/min and RH‐E: 50%. 
 
